The Kepler space telescope observed thousands of RR Lyrae stars in the K2 mission. In this paper we present our photometric solutions using extended apertures in order to conserve the flux of the stars to the highest possible extent. With this method we are able to avoid most of the problems that RR Lyrae light curves produced by other pipelines suffer from. For post-processing we apply the K2SC pipeline to our light curves. We provide the EAP (Extended Aperture Photometry) of 432 RR Lyrae stars observed in campaigns 3, 4, 5, and 6. We also provide subclass classifications based on Fourier parameters. We investigated in particular the presence of the Blazhko effect in the stars, and found it to be 44.7% among the RRab stars, in agreement with results from independent samples. We found that the amplitude and phase modulation in the Blazhko stars may behave rather differently, at least over the length of a K2 Campaign. We also identified four anomalous Cepheid candidates in the sample one of which is potentially the first Blazhko-modulated member of its class.
INTRODUCTION
RR Lyrae stars are old, population II, core heliumburning stars. They occupy the intersection of the horizontal branch and the classical instability strip in the Hertzsprung-Russell diagram. They pulsate predominantly in a few radial modes (fundamental, firstovertone, or both). RR Lyrae stars are excellent tracers of old galactic populations: their large-amplitude, characteristic variations are easy to identify, and their luminosities are very similar in the visual band, making them excellent distance indicators. RR Lyrae stars were considered "simple" pulsators for a long time, limited to radial modes that were only complicated by the occasional appearance of the Blazhko effect, a (quasi-)periodic modulation of the pulsation amplitude and phase, discovered over a century ago (Blažko 1907) . This picture, however, changed dramatically since the 2000s, with the start of more extensive ground-based surveys and the rise of photometric space telescopes. The first discoveries, e.g., the prevalence of the Blazhko effect, multiperiodic modulations, the detection of low-amplitude additional modes, came from various programs, such as the Konkoly Blazhko Survey, the Optical Gravitational Lensing Experiment (OGLE) and the MOST and CoRoT missions (Gruberbauer et al. 2007; Jurcsik et al. 2008; Guggenberger et al. 2011; Soszýnski et al. 2011 Soszýnski et al. , 2014 . But the biggest driver of the revolution in our knowledge about RR Lyrae stars has been the Kepler mission. The four-year-long observations provided the clearest views of the new phenomena, and inspired new theoretical developments (see, e.g., Buchler & Kolláth 2011; Benkő et al. 2014; Moskalik et al. 2015; Dziembowski 2016) .
However, the field-of-view of the original Kepler mission was limited to about 40 RR Lyrae stars, and did not even include all subtypes of RR Lyrae variables. In the second mission of the Kepler space telescope, astronomers have had a golden opportunity to propose many more targets for observation along the Ecliptic Plane. The great cooperation between the K2 Guest Observer Office and the astronomical community has lead to an unprecedented photometric data set of various stellar objects that will be hard to exceed in quantity, quality or even the length of continuous observations. The members of Working Group 7 have proposed thousands of RR Lyrae stars and hundreds of Cepheids (for details of target selection method and the success rates of proposals we refer to Plachy et al. (2016) ). Results of the boutique analysis of some targets have been already published (Kurtz et al. 2015; Molnár et al. 2015a; Plachy et al. 2017; Bódi et al. 2018) as well as of the early K2-E2 engineering data of RR Lyrae stars (Molnár et al. 2015b ). Nevertheless extensive study or population analysis based on K2 RR Lyrae data is not available yet, and the reason of this is the lack of precise light curves that minimize instrumental effects while preserving the variation of the stars. The validation work of the targets common between Kepler/K2 observations and the Gaia DR2 variable candidates only focussed on the identification of these variables ). Recently, a rather controversial claim was made by Kovács (2018) that nearly all stars observed in the K2 mission show the Blazhko effect (or, at least, side peaks in the Fourier spectra). This study, based on the light curves released by the mission, clearly at odds with prior studies that put the occurrence rate at about 50% (Jurcsik et al. 2008; Benkő et al. 2014) .
Clearly, these stars hold questions that need the best light curves achievable to answer. Our aim is to build up a photometric database from the K2 observations that may serve as a golden sample of high-precision RR Lyrae light curves, compounding the few longer light curves from the prime mission (Benkő et al. 2014) . We have chosen the RR Lyrae candidates from campaign 3 to 6 from Guest Observer proposals GO3040, GO4069, GO5069 and GO6082. These campaigns do not suf-fer from instrumental issues characterize the early campaigns, the off-nominal pointing at the beginning and the mid-campaign breaks. In section 2 we present the problems of automatic photometry that makes them suboptimal for RR Lyrae analysis. In section 3 we present our method with step-by-step description. In section 4 we discuss the quality of our data comparing with other existing ones.
PROBLEMS TO SOLVE
We note that RR Lyrae light curves can be notoriously hard to reduce and correct, and some of the pipelines listed below were developed as general-purpose methods or with emphasis towards planetary transits and solarlike oscillations. Therefore our assessments are indicative only of the RR Lyrae light curves they produce, and not of the overall quality of these data sets.
A quick summary of the challenges RR Lyrae light curves may pose:
• Large amplitudes: the photometric amplitude of the main mode reaches 0.5-1.0 mag. However, if the radial mode is filtered out, additional modes can be detected even in the sub-mmag range. Variation has to be preserved across about 5 magnitudes of flux changes, down to the sub-mmag level.
• Pulsation periods of RR Lyrae stars range from about 6 to 24 hr, clustering around 12-14 hr. This means that for many stars, the pulsation periods are uncomfortably close to the (or twice the) period of the K2 attitude control manoeuvres, making their separation difficult.
• Sharp features: light curves of fundamental-mode stars can be pronouncedly sawtooth-shaped, with a steep rising branch, and sharp maximum, followed by a slow ascending branch. Generic methods can be ill-equipped to follow these variations.
As we can see, the large pulsation signal in the RR Lyrae light curves can be hard to remove if the data is oversmoothed. Yet it is necessary as it may overwhelm any instrumental signals that nevertheless impact the low-amplitude components of the frequency spectrum. Now let us look at the instrumental effects of the K2 data itself that needs to be corrected. The common issue for all K2 data comes from the two reaction-wheel mode of the space telescope. Without the third reaction wheel, the telescope rotated freely about its optical axis due to the torque caused by the uneven distribution of solar radiation pressure compared to its center of mass. The telescope was set to the unstable equilibrium point to minimize the torque, but attitude control manoeuvres with thrusters were still required after about 6 (sometimes 12) hours to return it to the desired attitude. The direction of the roll and reset movements were reversed during the campaign, usually (but not always) once, around the middle of the campaign. These movements introduced drifts and sudden jumps in the positions of the stellar images over the CCDs that got stronger towards the edges of the field-of-view. Field-ofviews along the Ecliptic could be observed for up to 80 days before the telescope had to reorient itself to keep the solar panels pointed towards the Sun.
The rotation of the field-of-view introduced two types of systematic errors: first, nearby stars can contaminate each other's apertures (or, alternatively, flux can be lost from too tight apertures). Second, even small movements introduce flux level changes caused by intraand interpixel sensitivity variations. Sensitivity varies slightly both from pixel to pixel and from the center to the edges of any individual pixel. Although Kepler has an initial, large-scale flat-field model, created before the launch of the spacecraft, it has no means of obtaining detailed flat-field images in space. The original mission was able to largely avoid the issue of pixel-level sensitivity variations by providing very precise, sub-pixel pointing stability. In the K2 mission, however, variations in pixel sensitivity levels created clear systematic, sawtooth-shaped flux variations, as the images of stars moved about. Therefore several techniques have been developed to correct systematic errors, and we briefly summarize their efforts and limitations below.
Baseline SAP and PDCSAP photometry -The mission provides Simple Aperture Photometry (SAP) and Presearch Data Conditioned SAP (PDCSAP) light curves, extracted from the Target Pixel Files (TPF) downloaded from the spacecraft (Van Cleve et al. 2016) . The former is simply the photometry of selected target pixels, and thus includes the systematic errors described above. Apertures are calculated for each individual frame and then an optimal aperture is created, balancing between coverage and contamination from the background (e.g. ignoring pixels that are used by very few frames). The PDCSAP photometry creates basis vectors from selected regions of the field-of-view that describe the components of the most common photometric variations across multiple channels. These are then fitted and removed from the data. While this correction works quite well, the assigned apertures can be too tight, especially towards the ends of the campaigns where the roll intensifies, and strong flux loss may occur. Although the PDCSAP algorithm is able to compensate for this, the results are less than optimal.
K2SFF Extracted Lightcurves -This was the first correction method published (Vanderburg & Johnson 2014) . The K2SFF pipeline applies a self-flatfielding (SFF) algorithm to the data, exploiting the fact that stars move back and forth over the same paths multiple times, and thus the pixel sensitivity variations can be mapped from the flux variations. The method assigns circular apertures to the faint objects and more well-defined, PRFbased apertures to brigher ones (Pixel Response Function, see Bryson et al. 2010) . This method filters out slow variations from the light curves before decorrelating the flux variations from the variations in centroid positions. However, the variations of RR Lyrae stars are faster than their 1.5-day time steps for spline fitting, and the flux changes caused by stellar pulsation far outweigh the instrumental variations. Therefore the K2SFF algorithm is, in almost all cases, incapable to correct the light curves, and mostly just introduces bogus variations into them instead.
K2 Variability Catalog (K2VARCAT) -This method uses a very similar self-flatfielding (or decorrelating) algorithm as the previous one, but it also includes a machinelearning algorithm to classify the stars into variability types (Armstrong et al. 2015 (Armstrong et al. , 2016 . It is available for C0-C4 at the time of writing, and uses circular apertures that are centered to the brightest pixel, and their radii are based on the brightness of the stars. The background subtraction was performed with the median value of pixels outside the aperture, and stellar variability is removed with boxcar-fitted, 3rd degree polynomials. The detrending is based on decorrelating the variation of the centroid position and the raw flux. This method works well in most of the cases, if stellar variability occurs on different time scale than the drift and the intrinsic variability do not dominate over the pointing noise. Unfortunately, for RR Lyrae stars, this method also does more harm than good.
K2 Pixel Photometry (K2P 2 ) -This photometric pipeline was created by the Kepler Asteroseismic Science Operations Center (KASOC, Lund et al. 2015) . This method uses a more detailed procedure to identify stars in the TPFs and assign apertures to them. After initial detection, blended stellar images are separated with the watershed method, and apertures are created for each one. The watershed algorithm finds the borders between different stars in the pixel mask by using the idea that the image is a topological surface. It inverts the image and considers the stars as neighbouring basins, then starts to fill them up with water from the bottom. Where the water levels of the basins meet, the watershed will be the separator line between the two stars (Beucher & Lantuejoul 1979) . This way the K2P 2 pipeline generates photometry not only for the target star in the TPF, but also for any other background objects. This was especially important for the early campaigns (C0, C1, C2) where TPFs used large masks to accommodate potentially larger deviations in the pointing (Handberg & Lund 2017) . Stellar variation is identified with the socalled KASOC filter that was optimized for solar-like oscillations, and then the instrumental variations are corrected with a flux-pixel position decorrelation method similar to the ones described above.
K2 Systematics Correction (K2SC) -Unlike the previous pipelines, K2SC does not start from the TPFs: it is rather a post-processing algorithm for the photometry extracted from the TPFs (Aigrain et al. 2015 (Aigrain et al. , 2016 . Their published light curves are based on the SAP and PDCSAP files, but custom-mask photometry made with PyKE can also be processed. This pipeline uses the non-parametric Gaussian-process regression method to simultaneously fit both the timedependent variation (the assumed astrophysical signal) and the position-dependent instrumental effects. A drawback of the otherwise powerful method is its reliance on the SAP/PDCSAP light curves, however, it can be used very efficiently with custom-aperture light curves, as we will show it later.
EPIC Variability Extraction and Removal for Exoplanet Science Targets (EVEREST) -This pipeline uses yet another method to correct for the attitude changes. In this case, instead of assigning apertures to the stars and making assumptions about the expected stellar and instrumental variations, a pixel-level decorrelation (PLD) is employed (Luger et al. 2016) . The basic principle of PLD is that astrophysical signals are the same in all the pixels corresponding to one star, whereas instrumental effects, such as pointing drifts, are not. Stellar variability is fitted with Gaussian processes, and the PLD is applied to the residual. Here the main drawback is that the Gaussian process may capture the instrumental variations alongside with the pulsation of the RR Lyrae stars, given their similar timescales, and thus they are insufficiently removed or further artifacts arise. The current (2.0) version of the pipeline overfits close to half of the RR Lyrae light curves (Luger et al. 2018 ).
Planet candidates from OptimaL Aperture Reduction -Later, another group published a new set of light curves called POLAR) (Barros, Demangeon, & Deleuil 2016) . This work was dedicated to identify transit-like features, e.g., it was not a general-purpose pipeline. It used the aperture selection algorithm originally developed for the imagettes in the CoRoT mission, and and SFF algorithm similar to the one created by Vanderburg & Johnson (2014) . A visual comparison of the light curves indicates that for RR Lyrae stars, this pipeline suffers from the same obvious problems as the other SFF-based photometries, therefore we decided that further tests are not necessary.
THE EAP METHOD
The main difference between the approaches listed above and our own method is that we assign the pixel masks individually to the stars, by hand. The origins of this method go back to the analysis of the K2-E2 observations (Molnár et al. 2015b ). The most critical and time-consuming part of this method is to find the ideal target pixel masks, but since the RR Lyrae sample in most campaigns are limited to 1-200 stars, it is manageable. Our tests show that a careful selection of pixels can highly improve the quality of the data, especially for faint and/or contaminated stars, and it can be crucial in the investigations of small amplitude additional modes as we demonstrate it in Section 4.
We note that towards the end of this work, a new software tool has been developed by the Kepler Guest Observer Office. The lightkurve package now offers interactive tools to render light curves based on the selected pixels on the fly, making future applications of our algorithm much faster and easier (Vinícius et al. 2018) .
Based on that, in a forthcoming paper (Szabó et al. in prep.) we will present an automated procedure for the rest of the K2 Campaigns, where the RR Lyrae sample published in this work is used as a training sample for our automated method.
Creating the pixel masks
Our main principle in creating the pixel masks is to contain the movements of the Point Spread Function (PSF), i.e., the image of the star, caused by the drift of the telescope, and thus conserve the stellar flux throughout the campaign. In most cases this can be done with some expense of slightly increased background flux. We note, however, that without invoking more complicated methods (e.g., weighted apertures based on CCD positions), there will always be a trade-off between the slightly increased background noise from a more extended aperture, and some flux (and therefore information) loss caused by a too tight aperture that leads to lower photometric accuracy.
We used the pyke software to manually create the pixel masks (Still & Barclay 2012) . We used the x and y coordinates of the centroid positions to check if the mask covers all the pixels that contain the stellar flux in the extrema of the positions (Fig. 1 ). The largest deviations in positions occur at the same time within a certain campaign for all stars, but we also had to take the pulsation of the star into account. Since RR Lyrae stars have large amplitudes, the sizes of the PSFs can change considerably over a pulsation cycle, especially for brighter stars. In Figure 1 we display examples of masks that we used in EAP.
It is, however, not always straightforward to determine the extent of the pixel masks. Nearby stars may blend together, or their movements may overlap on the CCD, contaminating each other's pixel masks. Instrumental signals, such as frame transfer and video crosstalk patterns also contaminate the images of a few stars (Van Cleve et al. 2009 ). If blends cannot be separated, we decided to include both stars in the pixel mask. If the stars can be separated reasonably, e.g., contamination from other stars only affect the extreme positions, and/or the edge of the PSFs, we excluded those pixels. While the blended solutions contain the variation of the contaminant star, these are almost always orders of magnitude smaller than that of the main mode(s) of RR Lyrae pulsations and may appear at different frequency ranges. However, low-amplitude additional modes can be still contaminated.
Correction of the photometry with K2SC
Although our EAP apertures were sufficient to capture the stellar flux throughout the campaigns for a majority of the stars, the light curves were not free of instrumental effects, as two important sources of systematical variations still occurred. One was caused by the pixel sensitivity variations, as mentioned above. The other one is the use of discrete, integer pixels in pyke to define the aperture instead of circular or elliptical apertures that would be always centered at the photocenter of the star, and would sample the PSF more evenly. This latter effect is much smaller than the former, and the two were caused by the same motions and hence the are correlated. Furthermore, a small number of stars was also affected by reflections and crosstalk patterns in the images.
These instrumental effects manifest in the Fourier spectra as both discrete peaks and elevated noise levels. The discrete peaks appear at the integer multiplets of the attitude correction frequency of Kepler which is f corr ≈ 4.06 d −1 , and at the lowest frequency peak near zero, representing a slow drift of the images throughout the campaign. The diffuse component consists of red noise in the low-amplitude range, dominating below 4 d −1 , that drops below the white noise towards higher frequencies. While intrinsic (low-amplitude) signals that coincide with n f corr are likely inseparable from the instrumental ones, the red noise component can hide additional pulsation and/or modulation peaks that can be recovered after correcting for the signals induced by the attitude changes.
As we have shown in Sect. 2, there are various methods to correct for these systematic variations. We did some experiments with the SFF task implemented in PyKE, but the spline fit in it could not separate the variations of the RR Lyrae stars from the instrumental ones and thus we could no produce flattened light curves for the SFF algorithm to fit.
We instead selected the K2SC algorithm developed by Aigrain et al. (2016) . As we briefly explained earlier, K2SC uses Gaussian processes to separate the intrinsic, stellar variations and the instrumental ones against the pixel position data of the individual stars. Although the official K2SC data release relies on the SAP/PDCSAP photometry, the algorithm could be applied to any custom mask photometry obtained with PyKE from Campaign 3 upwards. Therefore we run K2SC on all of our EAP light curves from Campaign 3 to 6.
Outlier detection, systematics
After we applied the K2SC correction, we identified and removed outliers with simple sigma clipping. We used 3 or 4σ limits on the residual light curves for faint and bright targets. A higher limit was deemed necessary for the brighter targets in order to preserve the points close to maximum light. For the faintest targets we had to apply iterative 3σ clipping.
We then inspected the light curves visually to identify any remaining slow instrumental variations. These could originate from a variety of causes, either from intrinsic variations or instrumental effects, including contamination from nearby stars or reflections, crosstalk in the electronics, or poor background determination. We determined cubic spline curves for stars clearly affected and removed these signals from the K2SC-corrected light curves. However, we did not correct the light curves for slow variations automatically, in order to preserve intrinsic signals. The limited span of the observations mean that for many stars, the modulation periods are comparable or much longer than the length of the data. It is well established that the average brightness of Blazhko RR Lyrae stars vary with the modulation period (Alcock et al. 2003; Jurcsik et al. 2005) . These slow variations are often hard to separate from any small instrumental trends, so simple fits to low-pass filtered light curves would remove them both. Therefore we did not apply spline smoothing for any of the Blazhko stars in our sample.
Comparison of individual light curves
We selected a few examples that show some of the problems various photometric pipelines encounter when dealing with RR Lyrae light curves. Figures 2, 3, 4 and 5 show four stars as measured by the official K2, and the K2SC-corrected SAP and PDCSAP photometry, the K2SFF, K2VARCAT, K2P 2 , and EVEREST light curves, as well as our own EAP and K2SC-corrected EAP light curves.
Bright stars (above about Kp = 14-15 mag) are generally of good quality, at least concerning the raw photometry the various methods obtain. Our first example, EPIC 206144794 (Kp = 12.667 mag, Campaign 3), in Fig. 2 , has a strong beating between the pulsation period and the long-cadence sampling of Kepler, and thus the light curve clearly shows if the photometry is degraded by errors. The SAP photometry indicates that the assigned aperture was suboptimal at the beginning and through the last 20 days of the campaign and the correction made by the PDCSAP algorithm is not sufficient. Further corrective measures by the K2SC pipeline get rid most of the instrumental noise, but some scatter still remains. The raw photometric data of the K2SFF, K2VARCAT and K2P 2 (grey points) all look acceptable, but the corrected light curves are severely degraded: in the case of K2SFF, even the presence of modulation becomes uncertain. The EVEREST pipeline, on the other hand, produces a smooth light curve very similar to the EAP one.
We also selected two fainter stars to illustrate other instrumental issues found in other pipelines. EPIC 210438688 (Kp = 17.387 mag) is a first-overtone star, observed during Campaign 4. It is apparent from the SAP light curve in Fig. 3 that large amounts of flux spilled from the assigned aperture during the last third of the campaign. Closer inspection of the movements of the photocenter of the star revealed that when the direction of the attitude drift reversed, not only the am-plitude of the pointing jitter got higher, but the mean position of the photocenter shifted as well, moving large parts of the PSF outside the aperture. This issue then propagated into the PDCSAP and K2SC light curves. The K2SFF, K2VARCAT, and K2P 2 light curves suffer from similar errors as in the previous case. The EVEREST pipeline failed to separate the instrumental and intrinsic signals and removed most of the pulsation signal.
The third example is EPIC 210507908 (Kp = 19.085 mag), a faint RRab star, also from Campaign 4 (Fig. 4) . In this case the SAP data is barely recognizable. But more importantly, the average flux level of the SAP data is changing during the Campaign. Apparently, the PD-CSAP algorithm assumes that this change is caused by excess flux from blending, and subtracts it from the SAP data (whereas flux loss from the aperture should be compensated by scaling). The resulting PDCSAP therefore shows pulsation amplitude changes over the campaign. However, comparison with (the raw photometry of) other pipelines and with the EAP light curve indicates that this amplitude change is actually spurious. Therefore the use of PDCSAP and its K2SC-corrected version both would lead to a false positive detection of the Blazhko effect.
A fourth star (EPIC 206115430, Kp = 16.512 mag) from Campaign 3, is our example where the pipelines failed to find the target star in the mask (Fig. 4) . The center of the mask falls to another, non-pulsating star with similar brightness that is blended with the RR Lyrae one at the resolution of Kepler. The raw K2SFF and K2P 2 data are dominated with variations caused by photocenter motion, which was successfully corrected, but that led to flat light curves for the other source. The raw photometry of K2VARCAT and EVEREST was able to catch the RR Lyrae variability, but the modulation is hardly detectable in them. Their corrected versions failed here as well. The K2SC-corrected EAP light curve is clearly the best quality among them, and it revealed a complex modulation.
We constructed similar plots presented in Figures 2, 3, 4 and 5 for all targets, to estimate the success rate of our method. We found that the EAP-K2SC pipeline produced the best-quality light curves for nearly one third of the whole sample. The other EAP light curves are mostly equally good as the best light curves from the available pipelines, which is very often the raw EVEREST photometry or the K2SC-corrected PDC-SAP. We found five cases where systematic variations were removed by EAP-K2SC the most efficiently, but the strong contamination was handled better by the other pipelines. 
Ensemble comparison between the pipelines
While the examples above illustrate a number of problems with the other pipelines, they are not necessarily representative of the whole RR Lyrae sample. Therefore we created two different benchmarks to measure the performance of the pipelines (strictly in relation to the RR Lyrae light curves:
1. The median of the residual frequency spectrum between 1.0 and 4.0 d −1 after prewhitening with the significant peaks (SNR > 4). This is the frequency range where most pulsation signals occur, including the fundamental mode, the first overtone, and most low-amplitude additional modes. The red noise component of the instrumental signals also increases in this region.
2. The difference between the amplitude of the main frequency component in the EAP light curve and the other light curves (if present). This benchmark, ∆A 0 = A 0(other) − A 0(EAP) , measures whether some of the pulsation amplitude has been lost during processing.
Noise floor: median of the residual spectra (Fig. 6 ) -The comparisons of the medians of the residual spectra shows that SSF-based methods increase the noise levels for RR Lyraes considerably in the low-frequency region. The difference is the highest for K2SFF and K2VARCAT, where the noise floors of the Fourier-spectra are elevated by the order of 2000 ppm, but may reach as much as 5000 ppm. For bright stars, that is almost a 100-fold increase compared to the noise floor of the EAP-K2SC data, and may easily hide otherwise obvious features, e.g., modulation, as in the case of EPIC 206144794 (Fig. 2) . K2P 2 and EVEREST fare better, but they still increase the noise floor of the spectra roughly 10-fold for brighter RR Lyrae stars. The noise levels are only comparable at the faint end where photon noise starts to be the dominant source of photometric errors. The SAP and PDCSAP spectra show elevated noise for basically all brightness ranges, but the K2SC algorithm is able to compensate for that quite well down to about Kp = 17 mag. Here we also see a plurality of stars with noise floors below that of EAP-K2SC. This difference likely arises from the difference in aperture sizes, i.e., the smaller apertures used by the SAP and PD-CSAP photometries gather less noise from pixels containing background flux than the larger EAP apertures. However, too small apertures may introduce other errors, as we have shown earlier. A comparison between the plain and K2SC-corrected EAP light curves indicate that while the improvements are noticeable, the differences are far smaller that those from the other pipelines.
We also indicated the stars that are not present in the various pipelines with crosses at the bottom of each subplot. While the SAP/PDCSAP and related K2SC samples are almost complete, a large fraction of targets are missing from other pipelines, especially at the faint end. We note that at the time of this writing, K2VARCAT was only available up to Campaign 4.
Amplitude of the main peak (Fig. 7) -The second measure we calculated is the difference of the relative flux amplitudes of the pulsation frequency peaks (A 1 ) determined from the EAP and the other light curves. Not surprisingly, coherent signals are strongly suppressed by the corrections used by K2SFF and K2VARCAT but are preserved relatively well by the other ones. Interestingly, PDCSAP, and its K2SC-corrected variant, show a clearly increasing excess towards the faintest targets. Finally, here we indicated the stars where processed light curves exist, but the main peak could not be identified with plus signs. This issue, i.e., losing the pulsation signal, affects the SAP and EVEREST samples heavily.
In order to understand the amplitude differences in Fig. 7 we plotted the median flux brightness values of the SAP/PDCSAP and EVEREST light curves relative to EAP median brightnesses, all converted to Kp magnitudes using the 25.3 mag zero point determined by Handberg & Lund (2017) , in Fig. 8 . We emphasize that these values are based on the light curves and are different from the Kp values listed in the EPIC catalog. It is clear that our values are systematically higher compared to the SAP values, and for stars fainter than Kp = 18-19 mag we measure many of the targets several magnitudes brighter than both the SAP and PDCSAP pipelines. The origin of these large differences is not straightforward to determine: it could either mean that the SAP/PDCSAP light curves underestimate the average brightness of the star or that the large EAP apertures are contaminated by flux from the background pixels and/or other nearby sources. To estimate contamination, we crossmatched the sources with the Gaia DR2 catalog and plotted the differences between the EAP Kp and the Gaia G band mean brightness values (lower panel of Fig. 8 ). As the G and Kp bands have very similar transmission curves, this comparison is not affected by color differences. The plot shows only half a magnitude difference on average between the Gaia brightnesses and our reductions. Therefore we can conclude that the large differences originate from the SAP and PDCSAP pipelines. These use rather small apertures that only capture a portion of the image of the star, and thus only a fraction of the stellar flux. Moreover, as large parts of the PSF end up in the background pixels, they elevate the background level and reduce the median flux of the star, leading to larger perceived amplitudes. This gets more pronounced at the faint end where apertures are sometimes as small as a single pixel. Comparing the EAP brightnesses to the EVEREST ones, we notice a large scatter for stars fainter than ∼16 magnitude in both directions, but no systematic deviation can be reported. Overall, these benchmarks show that the EAP pipeline provides substantially better photometry than the other methods for a large number of stars.
ANALYSIS AND RESULTS
While the main purpose of this paper is to present the first batch of RR Lyrae EAP light curves observed in early K2 campaigns, we carried out some analysis of the database, mainly to inspect and classify the stars.
Fourier parameters and classification
It was shown by Simon & Teays (1982) that loworder Fourier coefficients can describe the structural properties of RR Lyrae (and Cepheid) light curves efficiently. The four relative Fourier coefficients measure the amplitude ratios and phase differences between the first and second or third Fourier-terms, respectively:
where i is either 2 or 3. This technique is widely used for classification purposes, and to compare hydrodynamic models with observations, as it was done for the original Kepler sample (Nemec et al. 2011) . Although most K2 light curves can be classified by simple visual inspection, there can be ambiguous cases, such as stars that fall between the RRab and RRc loci: one such example in the K2 data is V397 Gem . Moreover, our sample can be contaminated by contact eclipsing binaries and high-amplitude δ Scuti stars at the short-period end, and by anomalous Cepheids and BL Her stars towards the longest periods. Therefore we calculated the relative Fourier coefficients for our sample.
As for comparison, the best available source is the OGLE-IV catalog of the Bulge RR Lyrae stars (Soszýnski et al. 2014) . While most of the observations were made in the I band, the coefficients can be converted into the V coefficients with the equations derived by Morgan et al. (1998) . The main drawback of this comparison is that the converted amplitude ratios contain artefacts for stars where the R i1 values could not be determined from the I band, as seen in the upper panels of Fig. 9 . Although high-precision photometry revealed that many RR Lyrae stars are not single mode stars, here we refer to stars showing one large-amplitude, dominant mode as "single-mode" stars. We compared the converted Fourier parameter values of OGLE RRab and RRc stars with the K2 stars in Fig. 9 . Most of the stars fall into the two main loci, in agreement with the loci of the OGLE stars. We also identified non-pulsating variables and non-variable stars and listed them in Table 3 in the Appendix. The proper classification of these 25 stars is beyond the scope of this paper, but we indicated if we identified the signs of rotational variability or an eclipsing binary. There is one star that needs special attention, EPIC 121663528, which might be not a rotational variable but W Virginis-type star.
We found 371 (∼85%) RRab and 50 RRc (∼12%) stars in our sample, but we note that these ratios are likely biased towards RRab stars. Target selection for the Guest Observer proposals focused on the strong RR Lyrae candidates, and potential RRab targets are easier to recognize than RRc ones, of which a significant part turned out to be eclipsing binaries. We also found eleven classical double-mode (RRd) stars: these are subjects of detailed investigation, to be presented in a separate paper (Nemec at al. in prep.) , together with the other RRd stars observed during the entire K2 mission.
We note that the [Fe/H] iron content index of RR Lyrae stars, a proxy for their metallicities, can also be determined from the φ 31 coefficients and the pulsation periods, as it was done for the original Kepler sample and the stars in the K2-E2 engineering run (Nemec et al. 2013; Molnár et al. 2015b ). However, we decided to present the analysis of the more extended K2 sample in a standalone paper.
Anomalous Cepheid candidates
Anomalous Cepheids are a rare subtype of the family of classical pulsators. They occupy the parameter space between RR Lyrae and Cepheid stars, both in the φ i1 , R i1 planes in the period-luminosity relation (Soszýnski et al. 2015 (Soszýnski et al. , 2017 . It is not always straightforward to separate them from RR Lyrae stars in the short-period range (< 1 d), if no parallax information is available. We identified four strong candidates that we marked with black circles in Fig. 9 . Unfortunately, these stars are too faint to have useful parallax information in Gaia DR2, therefore we cannot confirm that they follow the anomalous Cepheid PL-relation.
Their light and phase curves presented in Fig. 10 have different shapes compared to that of RRab stars in the same period range, in accordance with their position in the Fourier parameter space, outside the RRab regime. Unfortunately, no-high precision Fourier parameter measurements are available for anomalous Cepheids, and no transformation is available yet between I-band and V -band Fourier parameters for them either in the OGLE Survey. Fortunately, a V -band study was produced by Jurkovic (2018) , who used OGLE V -band data along with photometry from other large sky surveys for a hundred galactic short-period anomalous and type II Cepheids. Our four K2 anoma-lous Cepheid candidates fit into the fundamental-mode anomalous Cepheid (ACEP-F) group presented in that paper.
A remarkably clear Blazhko-type modulation is visible in EPIC 206003187, even though the cycle length appears to be considerably longer than the observation. If this star is indeed an ACEP-F, this is the first modulated one ever discovered. We also detect some extra variation in EPIC 206010651, but it is rather weak, and might have instrumental origin.
Occurrence of amplitude and phase changes
The incident ratio of Blazhko effect among RRab stars is believed to be ∼40-50%. Recent studies of RR Lyrae stars in the Bulge measured by OGLE-IV and in the original Kepler field found it to be 40.3% (of 8282 targets) and 51% (of 35 stars) respectively (Prudil & Skarka 2017; Benkő et al. 2019) . This is in agreement with the landmark results of the Konkoly Blazkho Survey that found it to be 47% (of 30 stars) and 43% (of 105 stars) for short-and long-period RRab stars (Jurcsik et al. 2008; Sódor 2012) . In contrast to these findings, Kovács (2018) found the signs of modulation, in the form of frequency side peaks, in 91% of 151 RR Lyrae stars in the C1-C4 Campaigns of K2 mission. A subset of the targets overlap with our sample in C3-C4.
Beside the visual inspection of the light curves we used two more rigorous approaches to recover modulation: we searched for modulation triplets in the Fourier spectra, and we constructed amplitude and phase variation curves with a template fitting method. Our templates were the five-order harmonic series for each light curve, where the Fourier amplitudes and phases were scaled and shifted with a single parameter, with A i = δA · A i0 and φ i = φ i0 − ∆φ, respectively. Some examples of these modulation parameters, along with the respective light curves, are shown in Fig. 11 . This latter approach provides the opportunity to estimate the periods of the amplitude and the phase modulation independently, by fitting sine functions to the two modulation curves separately. In several cases we observe only non-repeating or monotonic changes in the amplitude and phase over the length of a Campaign. Since the only known case for smooth, large-scale changes in the pulsation cycles of RR Lyrae stars is the Blazhko effect, we included these stars into the Blazhko-modulated group as well.
We report our findings, along with the numbers of the different subtypes, in Table 1 . Note that we included the four ACEP candidates among the RRab stars as their classification is still uncertain. We found 44.7% of the RRab stars (166/371) to be either clearly modulated or show clear amplitude and phase changes: they show both the modulation triplets in the Fourier spectra and variation in the amplitude and phase curves. We note that the phase modulation is very weak in some cases, compared to the amplitude changes. We found two RRc stars with amplitude and phase changes as well, giving a ratio of 4% among the overtone stars. One of the Blazhko RRc stars is presented in the bottom row of Fig. 11 .
We also found 18 stars that have weak additional frequencies at one side of the main pulsation peak. We cannot distinguish if those peaks correspond to small intrinsic changes or are the results of contamination, therefore we did not mark these uncertain identifications as Blazhko stars. However, even if they were all bona fide modulated stars, the ratio would still not exceed 50%. The remaining 187 stars show clean residual spectra after removing the Fourier series of the main pulsation. We present three examples of these non-Blazhko stars at different brightness in Fig. 12 .
The periods determined for the amplitude and phase modulations, respectively, are presented in Fig. 13 , plotted as the function of the pulsation period. No correlation is apparent between the pulsation and modulation periods, except for a slight trend in the lower limit of the distribution, with the shortest modulation periods occurring towards the shorter pulsation periods. This is in agreement with the findings of Skarka et al. (2016) . We also identified several examples of variable or multiperiodic modulation, but unfortunately we were not able to estimate modulation periods longer than the observation length, except for some clear cases when sufficient extrema were available. We also compared the periods fitted to the amplitude and phase changes for each star individually. We concluded that below approximately 55 days there is little discrepancy between the two values, except for a few outliers. Above that, the results are more uncertain, for two reasons. First, the periods are nearing the length of the data, and second, the shapes of the two modulations start to differ more prominently. Two examples for this issue are EPIC 211691308 and 211779577 in Fig. 11 . The phase modulation curves, in particular, become rather diverse in shape, compared to the amplitude changes, and thus their periods also become more uncertain. We show the progression of the period difference against the amplitude modulation period in the insert of Fig. 13 .
Although the lengths of the Campaigns are too short to draw further conclusions about the correlation between the amplitude and the phase modulations, it is clear that they are not always strictly correlated, especially towards longer Blazhko periods. Changes in the relation between the amplitude and phase modulations were reported for a few stars before (Guggenberger et al. 2012; Nemec et al. 2013) . Based on those, we can expect these variations to average out over time, lessening the large apparent differences in the Blazhko periods we observe here.
SUMMARY AND CONCLUSIONS
Developing photometric pipelines that properly correct for instrumental effects but is also able to preserve a wide variety of stellar variations is undoubtedly a huge challenge. RR Lyrae stars, in particular, can be notoriously hard to handle, given their large pulsation amplitudes, short periods, and distinctive, sawtooth-shaped light curves. In this paper we provided a short, not exhaustive review of the various general-purpose algorithms and pipelines developed by various groups to correct the instrumental effects present in the K2 mission of the Kepler space telescope. Most methods provide good raw photometry for these stars, often exceeding the quality of that of the official SAP/PDCSAP light curves. However, since the pulsations happen on time scales similar to the attitude changes, the SFF-based algorithms (K2SFF, K2VARCAT, K2P 2 ) usually fail to separate the two variations and provide bogus results for these kinds of stars. Methods based on Gaussian processes instead of simple decorrelation fare better: however, even the EVEREST pipeline only manages to correct about half of the RR Lyrae stars properly. Finally, we found that the only pipeline that can reliably correct RR Lyrae light curves is K2SC, the other Gaussian process-based method, but unfortunately it relies on the SAP/PDCSAP light curves as input.
Instead of relying on these light curves, we decided to develop our own photometric solution called Extended Aperture Photometry (EAP), specifically tailored to RR Lyrae stars. We manually determined new pixel apertures for the targeted RR Lyrae stars in Campaigns 3-6, and then applied the K2SC correction to these new light curves (Aigrain et al. 2016) . Our tests show that the K2SC-corrected EAP light curves generally produce as good or better light curves for RR Lyrae stars as the best-performing other methods, but in a consistent way.
We then used these light curves to classify the stars into their respective RR Lyrae subgroups (or otherwise determine if they are other types of stars), using the OGLE relative Fourier parameter values as comparison. We identified 432 RR Lyrae stars in the four Campaigns, but this is not an exhaustive list. Some further stars may hide as potentially misclassified eclipsing binaries or rotational variables in other proposals, or as background objects in the TPFs of unrelated targets.
In this paper we focused on the photometry and did not carry out a detailed analysis of the stars, except for determining the presence and occurrence rate of the Blazhko effect. We found the rate to be below 50%, contrary to the recent result of Kovács (2018) , and in agreement with other studies (Jurcsik et al. 2008; Prudil & Skarka 2017; Benkő et al. 2019) . We estimated the pe- riods of the phase and amplitude modulations and found some differences above ∼55 days modulation period, but we are limited by the length of the Campaigns. We did not study additional low amplitude modes, but tested whether they can be recovered from our photometry efficiently. Both the raw EAP and the K2SC-corrected light curves are available for further analysis 1 . We plan to expand our method to the full K2 sample. Work is in progress to automate the method in order to process the thousands of RR Lyrae stars observed in later campaigns.
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APPENDIX
Here we provide the Tables listing the RR Lyrae stars identified in Campaigns 3-6 (Table 2), and those that turned out to be other types of stars (Table 3) . 
